Recent surface-water surveys suggest that high nutrient concentrations and nuisance algae 23 remain issues in the St. Lawrence River Area of Concern (AOC) at Cornwall, Ontario, 24 specifically in the tributaries and nearshore zones of Lake St. Francis (LSF). In particular, it is 25 unclear whether management actions designed to reduce nutrient inputs, first implemented in the 26 1990s as part of the Remedial Action Plan for the AOC, have reduced algal production or 27 influenced assemblage composition. To address this issue, a paleolimnological approach was 28 used to provide a historical context for the present-day nutrient concentrations and to quantify 29 the extent of change in water quality in LSF since the early 1990s. A sediment core was 30 collected near the north shore of LSF and was examined for changes in the concentrations and 31 compositions of fossil diatoms and pigments, as well as stable isotope (δ 15 N and δ
In addition, stable isotopes of nitrogen (N) were used to infer historical changes in nutrient 117 sources arising from changes in aquatic production (N 2 fixation), agriculture within the 118 watershed, or regional urban development (Bunting et al., 2016; Leavitt et al., 2006) . These 119 proxies can be used to provide a comprehensive overview of changes to algal abundance, 120 production, and composition, suitable to evaluate water quality status. This information is 121 valuable to the St. Lawrence River AOC, as beneficial uses must be restored to all 14 BUIs prior 122 to delisting (International Joint Commission, 2012), including reductions in symptoms of 123 eutrophication and the presence of undesirable algae. 124
Methods 125

Study Area 126
The St. Lawrence River at Cornwall, Ontario, Canada, marks the eastern end of the 127 international section of the waterway and is located just downstream of the Moses-Saunders 128
Power Dam. East of the city of Cornwall, the river widens into Lake St. Francis for 50 km before 129 narrowing again as it passes around Grande-Île, near Salaberry-de-Valleyfield, Quebec (Fig. 1a) . are regulated by the International Joint Commission to stabilise Lake Ontario and to ensure 136 adequate capacity for navigation, hydroelectric power generation, and flood control (Yee et al., current study to ensure a continuous, undisturbed sedimentary record. In the AOC, fivesedimentation basins have been described (Lorrain et al., 1993) , two of which are on the northern 159 side of the main channel of the St. Lawrence River and are likely to be influenced by flows from 160 the northern tributaries. Sediment cores with reliable, continuous dating profiles have previously 161 been collected from both of these basins (Carignan and Lorrain, 2000) . The more westerly of 162 these two basins, located just east of Lancaster, Ontario, is in a portion of the river that has seen 163 extensive water-quality monitoring take place since 2010 (Bramburger, 2014; Savard et al., 164 2013 Savard et al., 164 , 2015 . Both the availability of recent monitoring data and the known sedimentation 165 characteristics of the basin influenced the selection of this site for sample collection. 166
Sediment Collection 167
A sediment core was collected on May 5, 2016 from the St. Lawrence River near 168
Lancaster, Ontario, Canada (74°27'47"W, 45°08'07"N; Fig. 1b ) using a modified gravity corer 169 (Glew, 1989) with an internal diameter of 7.62 cm. The collection site was located 170 approximately 900 m from shore, 2.5 km downstream from the outlet of the Raisin River (Fig.  171 1b). The core was collected from a depth of 5 m to minimise sediment mixing (Carignan and 172 Lorrain, 2000; Lepage et al., 2000) . Additionally, this location was selected for sample 173 collection to best achieve proximity to tributary inputs while remaining deep enough to 174 experience permanent sediment deposition without resuspension. 175
The collected core was sectioned in the field into 0.5-cm increments which were bagged, 176 transported in the dark to Queen's University, and stored in the dark at ~4°C until analysis. 177
Subsamples were taken for determination of sediment ages using gamma spectroscopy, pigment 178 concentrations using high performance liquid chromatography (HPLC), organic matter content were mixed with a 50:50 (molar) solution of sulphuric and nitric acids overnight, then digested in 221 a hot water bath at 70°C for 8 hours. Diatoms were allowed to settle for 24 hours, after which the 222 supernatant above the settled diatoms was aspirated. Scintillation vials were then refilled with 223 double-deionised water, and samples were agitated to resuspend the diatoms. Samples were 224 rinsed until the pH was the same as deionised water, as verified with litmus paper (typically eight 225 known concentration (34,000 microspheres/mL). Samples were plated on coverslips in a series of 227 four dilutions and allowed to evaporate, after which they were fixed permanently to slides using 228 Naphrax ® , a medium with a high refractive index (>1.7). 229
Diatom valves were identified and enumerated using a Leica (DMRB model) microscope 230 fitted with a 100x fluotar objective (numerical aperture of objective = 1.3) and using differential 231 interference contrast optics at 1000x magnification. Diatoms were identified to species wherever 232 possible, or to the lowest possible taxonomic classification. Valves were counted until a 233 minimum of 400 valves were enumerated, or, if the concentration of valves was exceptionally 234 low, until five transects were completed. Primary taxonomic keys used for diatom identification 235
were Krammer and Lange- Bertalot (1991a Bertalot ( , 1991b Bertalot ( , 1988 Bertalot ( , 1986 ) and . 236
The main chronological zones of diatom species assemblages were estimated using a 237 (Rao, 1995) prior to 240 CONISS analysis using Euclidean distance, to minimise distortions that can occur when zero 241 values are present (Legendre and Legendre, 2012) . A broken stick model (Bennett, 1996) was 242 used to determine the number of significant zones in the stratigraphic sequence. 243
Results 244
Chronology 245
The total 210 Pb activity decreased from the top of the sediment core and followed an 246 exponential decay (r 2 = 0.83; Fig. 2 Analysis of concentrations of all pigment biomarkers suggested a progressive increase in 260 lake production during the 20 th century (Fig. 3) . In general, total phytoplankton abundance (as β-261 carotene) was stable from the base of the core to ca. approximate two-fold increase in fossil concentrations of most pigment biomarkers (Fig. 3) , but 315 no marked change in the preservation environment, as recorded by the degradation index of 316 labile chlorophyll a to stable phaeophytin a (Leavitt and Hodgson, 2001 ). This increase in1990s and suggests that substantial additional measures to curb nutrient influxes from regional 324 and headwater sources are required if the AOC delisting goals relating to eutrophication and 325 undesirable algae are to be achieved.photosynthetic pigments, low and steady concentrations of diatoms, and diatom assemblages 330 characterised by predominantly benthic taxa. Organic material in the aquatic environment was 331 supplied by both autochthonous and allochthonous sources, as indicated by the moderate and 332 stable molar ratio of C:N (Meyers and Ishiwatari, 1993; Fig. 4 ). An exact chronology is difficult 333 to assign to this portion of the sediment core, as errors associated with sediment dating are large 334 (Fig. 2) ; however, we are confident that the bottom four intervals represent a period of time prior 335 to the 1950s. Although we cannot consider these records to represent pristine conditions, as 336 industrial activity had been occurring upstream of our site in Cornwall, Ontario, since the late-337 19 th century (Stein, 1995), we will refer to them as baseline conditions which represent a period 338 prior to the major anthropogenic changes that occurred in our system during the second half of 339 the 20 th century. terrestrial loading suggested by the C:N ratio), which allowed a slightly different diatom 379 assemblage to settle and thrive once the disturbance was over. 380
th Century Eutrophication (1960s-1970s) 381
In the 1960s and 1970s, the lower Laurentian Great Lakes were characterised by 382 intensive eutrophication and related algal blooms and hypoxia (Beeton, 1965; Mortimer, 1987; previously reported mid-20 th century increase in eutrophic diatom taxa at the eastern end of LSF 390 . At present, we cannot easily distinguish between elevated production in 391 LSF due to inputs of nutrient-and phytoplankton-rich waters from the upstream Great Lakes, 392 and elevated production due to eutrophication of the LSF basin from local nutrient influx, as 393 historical surface water-quality monitoring data are limited. However, nutrient monitoring of the 394 Raisin River, a major tributary near the sampling location of the current study, indicates that, 395 given the high proportion of agricultural lands in the contributing watersheds to our study site 450 (Fig. 1c) . Unfortunately, without refined hydrologic models of water flow in the LSF nearshore 451 region, it is difficult to identify which catchments may be fertilising waters in the AOC. In A B C
